1
FACT is targeted through preferential interaction with RNAP-destabilized nucleosomes. 9
In this study, we tested this hypothesis using high resolution analysis of FACT occupancy 10 in yeast. We demonstrate that the interaction of FACT with chromatin is dependent on 11 transcription by any of the three RNA polymerases. Further, we show that FACT binds 12 nucleosomes in vivo, preferentially interacting with genes with high nucleosome 13
turnover. FACT-associated nucleosomes show altered nuclease sensitivity compared to 14 bulk chromatin, which is consistent with FACT's ability to modulate nucleosome 15 structure, however the enhanced nucleus sensitivity is partially independent of 16 transcription, suggesting that it is not due to FACT binding per se. Instead, these data 17 support the model that FACT is targeted to transcribed regions through preferential 18 interaction with RNA polymerase-destabilized nucleosomes. 19
20

RESULTS
21
Transcription promotes the interaction of FACT with chromatin 22
To identify pathways for targeting FACT to transcribed regions, we first sought to 1 confirm co-localization of FACT with RNAPII. To this end, we performed ChIP-seq of 2 HA-tagged Spt16 and the RNAPII subunit, Rpb3, from the same whole cell extracts with 3 two independent biological replicates. As FACT undergoes a dramatic redistribution 4 during S-phase (FOLTMAN et al. 2013) , we synchronized cells in G1 with α-factor. Our 5 Spt16 ChIP-seq data agreed well with previously published FACT ChIP-seq experiments 6 (Figure S1), and we observed a specific and striking co-localization of Spt16, but not an 7 untagged control, with Rpb3 at individual loci ( Figure 1A To determine whether transcription promotes FACT binding genome-wide, we 13 first analyzed previously published data mapping RNAPII and Spt16 following depletion 14 of Kin28, a kinase that facilitates promoter escape, using the rapamycin mediated "anchor 15 away" technique (WONG et al. 2014 ). It should be noted that this analysis was conducted 16 in cells grown in minimal media, which results in the previously observed, albeit 17 unexplained, shift of RNAPII occupancy from the TSS to mid-gene when compared to 18 cells grown in rich media (WARFIELD et al. 2017 by ChIP-seq. Importantly, "spike-in" DNA controls were added immediately following 6 DNA elution to normalize the number of DNA fragments recovered from treated to 7 untreated cells (CHEN et al. 2015) . Although the mechanism of action of 1,10-pt is not 8 fully understood, short treatment (15 minutes) resulted in depletion of RNAPII across 9 gene bodies, with the greatest effect over the 5' regions (Figures 2B and C). Similar to 10 RNAPII, treatment of cells with 1,10-pt also depleted Spt16 from gene bodies and shifted 11 Spt16 occupancy from 5' to 3' genic regions at both highly and poorly transcribed genes 12 (Figures 2B-D), indicating that the interaction of FACT with DNA requires transcription. 13
Supporting a strong dependence of FACT targeting on RNAPII, the changes in Spt16 and 14
Rpb3 occupancy upon transcription inhibition were highly correlated genome-wide 15 ( Figure S3 ). Collectively, these results demonstrate that FACT targeting to transcribed 16 regions occurs as a consequence of RNA polymerase activity. 17
While the above data is consistent with a model in which FACT is targeted 18 through physical interaction with the RNAPII transcriptional machinery, several 19 contradictions with this model exist. First, although FACT and RNAPII levels tightly 20 correlated across gene bodies, poorly expressed genes exhibited higher binding of Spt16 21 relative to RNAPII than highly expressed genes ( Figure 2D ). This observation is better 22 visualized in Figure S4A , which compares the ratio of Spt16 to Rpb3 with Rpb3 levels. 23 Such enrichment at poorly expressed genes was not observed for Spt5, an elongation 1 factor that interacts directly with RNAPII ( Figure S4B ). Second, following transcription 2 inhibition, the magnitude of Spt16 depletion was less than for Rpb3, even at 5' genic 3 regions where Rpb3 depletion is most evident ( Figure 2B ), suggesting that FACT remains 4 transiently associated with chromatin following RNAPII passage. Third, the length of 5 DNA fragments co-precipitating with Spt16 and Rpb3 differed markedly ( Figure S5A ), 6
with Rpb3-associated DNA being smaller than that associated with Spt16. Notably, the 7 differences in fragment sizes were observed at both lowly and highly transcribed regions 8 of the genome and across gene bodies ( Figure S5B , supporting the hypothesis that it is targeted to transcribed genes 1 through interaction with RNA polymerase-destabilized nucleosomes. To confirm that 2 FACT binds nucleosomes in vivo, we purified FACT via a TAP tag on Pob3. Figure 3A  3 shows that FACT co-purified with stoichiometric levels of histones H2A, H2B, H3 and 4 H4. Immunoprecipitation of H2B from purified FACT co-precipitated all four core 5 histones ( Figure 3B ), indicating that FACT interacts with intact histone octamers as 6 opposed to select histone pairs. To test whether these histones were nucleosomal, we 7
ChIPped HA-tagged Spt16 from MNase-treated extracts prepared from formaldehyde 8 cross-linked cells. The co-purifying DNA was subjected to paired-end sequencing and a 9
heatmap showing the location of sequence reads across genes sorted by RNAPII 10 occupancy showed that the positioning of FACT-associated DNA closely matched that of 11 input nucleosomes ( Figure 3C ). This is more evident in Figure S9 , in which the total 12 number of sequence fragments recovered were normalized between genes to compensate 13 for increased Spt16 occupancy at highly expressed genes. Despite the similarities 14 between input and FACT-bound chromatin, noticeable differences were observed 15 including increased recovery of sequence fragments from highly expressed genes, 16 depletion and shift of the +1 nucleosome peak, and enrichment of FACT over gene 17 bodies ( Figure 3D results suggest that FACT can bind nucleosomes on transcribed genes in vivo. 20
We next asked whether FACT preferentially interacts with unstable nucleosomes. 21
One hallmark of unstable nucleosomes is increased histone turnover, and indeed, Spt16 22 occupancy correlated with replication independent (RI) histone turnover ( Figure 4A , 23 Spearman rank correlation coefficient of 0.47) (DION et al. 2007 ). Histone loss is also 1 associated with high levels of transcription, so to test if FACT correlated with histone 2 turnover independently of RNAPII-levels, we employed a technique called partial 3 correlation, a statistical method that calculates the association between two factors after 4 eliminating the effects of other variables (KIM 2015). Importantly, this technique allows 5 estimation of the direct interaction between two factors while controlling for a 6 confounding variable. Partial correlation analysis revealed that RI histone turnover over 7 gene bodies directly correlated with Spt16 and not Rpb3 ( Figure 4A ), demonstrating that 8 FACT co-localizes with RI histone turnover independently of transcription. To assess this 9 relationship another way, we ordered genes by Rpb3 occupancy, and in a sliding window 10 of 500 genes assessed the mean level of RI histone turnover for the 100 genes with the 11 highest or lowest Spt16 occupancy relative to Rpb3 ( Figure 4B ). Aside from very highly 12 transcribed genes, we found RI histone turnover increased at genes with higher Spt16 13 relative to Rpb3 occupancy ( Figure 4C ). Although we cannot rule out the possibility that 14 the link between Spt16 occupancy and histone turnover is due to FACT promoting RI 15 histone turnover, the demonstrated ability of FACT to suppress histone turnover in vivo 16 argues that this is not the case (JAMAI et al. 2009). Indeed, analyzing published MNase-17 seq data in spt16 mutant cells (TRUE et al. 2016) revealed that FACT inactivation leads to 18 preferential loss of nucleosomes at these genes ( Figure 4D ), supporting a model whereby 19
FACT preferentially binds to regions of destabilized nucleosomes where it acts to 20 stabilize chromatin. 21
The use of paired-end sequencing in our analyses afforded us the opportunity to 22 examine the nuclease sensitivity, and thus potential alterations, of FACT-bound 23 nucleosomes. While FACT-associated DNA exhibited resistance to MNase, consistent 1 with the binding of nucleosomes, specific alterations from bulk chromatin were observed 2 ( Figure 5A ). FACT-bound DNA fragments, but not those from an untagged control, 3 exhibited increased levels of longer (200 -260 bp) and shorter (100 -130 bp) than 4 mononucleosome sized (140 -160 bp) fragments. These differences were unlikely to 5 have arisen from technical variation in sample processing as the ChIPs and inputs were 6 processed in parallel, indexed, and pooled together for sequencing. To determine where 7 the altered, FACT-bound nucleosomes were located, we used two-dimensional 8 occupancy plots to visualize the boundaries of MNase-resistant fragments associated with 9
FACT or with bulk chromatin, relative to the +1 nucleosomes of RNAPII transcribed 10 genes. Shown in Figure 5C , these plots simultaneously display DNA sequencing data as: 11 1) a heatmap of the total counts of the left (left panels) and right (right panels) boundaries 12 of MNase protection (as designated in Figure 5B and thus a modified nucleosome structure could also be a consequence of FACT binding. 4
To differentiate between these two possibilities, we rationalized that, if FACT modifies 5 nucleosome structure on its own, then the altered pattern of digestion should be 6 independent of the destabilizing stress of transcription. To test this, we divided input and 7
Spt16 ChIP DNA fragments into three bins [100-130 bp (purple lines), 140-160 bp (teal 8 lines) and 200-260 bp (orange lines)] and plotted the abundance of each relative to the +1 9 nucleosomes of highly expressed genes (dark lines) and poorly expressed genes (light 10 lines) ( Figure 6 ). This analysis revealed Spt16 co-precipitated increased amounts of 11 shorter (100 -130 bp) and longer (200 -260 bp) sized DNA fragments from highly 12 expressed genes compared to poorly expressed genes. Interestingly, the major species of 13 larger FACT-bound fragments predominantly occurred upstream and overlapping the +2 14 NCP, suggesting that the +1 NCP has shifted downstream to create an overlapping di-15 nucleosome of the +1 and +2 NCPs. The increased levels of alternate fragments at highly 16 expressed genes was diminished upon transcription inhibition. Collectively these results 17 indicate that altered MNase sensitivity of FACT-bound nucleosomes is dependent on 18 transcription, suggesting that nucleosome disruption is primarily a cause as opposed to 19 consequence of FACT binding. These data are consistent with a model in which FACT is 20 targeted to active genes through preferential interaction with RNAP-disrupted 21 nucleosomes. 22
DISCUSSION 1
In this study, we show that the FACT complex binds nucleosomes in vivo and is 2 recruited to chromatin as a consequence of transcription by any of the three RNA 3 polymerases. These data, together with extensive evidence that FACT binds destabilized 4 nucleosomes in vitro, are consistent with a model in which FACT is targeted to 5 transcribed regions through preferential interaction with RNAP-destabilized Genome wide coverage in genome wide windows for ChIP-seq data was 3 generated using deeptools, and heatmaps and scatter plots were plotted in R using 4 pheatmap and smoothscatter functions respectively. Fragment length histograms were 5 plotted in R, and fragments overlapping specific genomic regions were selected for using 6
BEDtools. Coverage heatmaps were generated using deeptools. For average plots and 7 row-normalized heatmaps, feature-aligned matrixes were constructed using deeptools and 8 plots were then generated in R using base plots or pheatmap functions respectively. For 9 average plots, to avoid effects due to varying gene lengths, plots only include data until 10 the TTS, with the fraction of genes plotted at a given position indicated by a grey line. 11
The MNase 2D heatmaps were generated using AWK and BEDtools, with the final 12 heatmaps were plotted in R using pheatmap. 
